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Abstract We describea new cellular array architecture and its implementationon a Configurable Systemon a Chip

(CSOC).In this architecture,an array of computingcellscommunicatewith a conventional processowover a global mem-
ory. The architectureis customizabldo a classof applicationsby funtional unit, interconnect,and memoryparameters.
The architectureis flexible enoughto accomodatea variety of parallel processingnodelsincluding MIMD, SPMD, and

systolicflow. The architecture supportsdynamicreconfiguration.

We describea concreterealization of this architecture on the Altera Excalibur ARM which can deliver 7.6GigaOps/s
(8 bit data)and show implementationof a systolicdatamining algorithm on the Excalibur-basedfabric.
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1 Intr oduction

The notion of cellular computationcollectve computatiorby an arrayof regularly interconnecteodes has
beena recurringthemein computerarchitecturesincethe early daysof computerscience[14]. Rangingfrom
cellular automatao systolicarrays[10], a large body of algorithmsand architectureshave centeredaroundthe
notionof afabriccomposedf simpleautomatanteractingwith immediateneighbordgn ann-dimensionamesh.

Fabric-basedarchitecturesare particularly attractve for efficient layoutin VLSI, and specializedchips have
beendevisedfor solving specificcomputationaproblems,especiallyin imageandarray processing.However,
specializedASICs designedo solve specificinstancesof problemsare not cost-efective, andrelatively few of
the scoresof designshave actuallybeenfabricated(see,eg. [3] for one suchsuccessfulmplementation)with
virtually noneseeingwidespreadise.

Recentproposaldor fabric-base@rchitecturesnclude[15], [11], [7], [9], [16], and[2]. In this work, we build
ondesignprinciplesembodiedn cited proposalsatthe sametime introducingtwo key nenv conceptsOurdesign
consistof aparameterizedellulararchitecturen whichacellularfabricis connectedo astandaranicroprocessor
via asystenbus. Eachcell in thefabrichasalocal datamemoryanda separatgrogrammemory The collection
of local memorieof all the cellsform aglobalmemory It is possibleto make this memorydual-portedsothatit
canbeaccessedoncurrentlyby a cell andby the microprocessorParameterso the fabricincludethe numberof
nodes;the amountof local memorypernode;the amountof globalmemorysharedbetweemmicroprocessoand
fabric;thearithmeticunit functionality; dimensionalityof the interconnectandwidth of theinterconnect.

In thenext sectionwe discusgelatedwork andfeatureghatour designsharesvith previousproposalsNext we
describeour parameterizethabricarchitecturdor whichwe have createchreferencemplementatiorontheAltera
Excalibur ARM ConfigurableSystemon a Chip (CSOC).The next sectionshavs how a representate algorithm
is mappedo the fabricandcomparegabric-basegerformanceo “native” performancen the Excalitur ARM.
We endwith conclusionsandfuturework.



2 RelatedWork

Fabric-basedarchitecturehasbeenan attractve designpoint within the reconfigurablecomputingcommunity
Oneof thefirst proposaldor a fabric-basedrchitecturaisingcommercialFPGAswasthe Programmabléctive
Memoryfrom DEC Paris ResearchLaboratory[15]. Basedon FPGAtechnologya PAM (Programmabléctive
Memories)is avirtual machinecontrolledby a standardmicroprocessort canbe dynamicallyconfiguredinto a
large numberof application-specificircuits. PAM introducedthe conceptof “active” memory PAM is attached
to somehigh-speedus of the hostcomputer like ary RAM module. Unlike RAM however, the PAM processes
databetweenwrite andreadinstructiong(seealso[6] for anotheProcessingn Memoryapproach).

Anotherimportantconceptis that of bi-directionalcommunicatiorlinks suchasthe communicatiorstructure
proposedy the Remarcproject,a fabric-basedneshco-processofll]. In ourarchitecturethe communication
network operatesconcurrentlyto cellular computation,allowing full utilization of the cell in the fabric. Pro-
grammabledatapathsvere proposedoy RaPid[7] , alinear array of function units composedf 16-bit adders,
multipliers andregistersconnectabléhrougha reconfigurabldus. Thelogic blocksusedareoptimizedfor large
computationsThey will performtheseoperationamuchmorequickly (andconsumdesschip area)thana setof
smallercellsconnectedo form the sametype of structure.Like RaPid,our designsupportghe designof flexible,
application-specifidatapathdy exploiting areconfigurable&eommunicationsietwork.

Our architecturealsoincorporateghe ideaof a configurationcache suchasthat presentedn GARP[9]. The
GARP systemhad a configurationcacheto hold recentlystoredconfigurationsfor rapid reloading(five cycles
insteadof thousand®f processocycles).Our architecturaliffers from the GARPin thatour configurationcache
holdsinstruction-seprogramsfor the cells ratherthan FPGA-like configurations.In our system, representaie
programgangefrom 20— 40 bytesin size.

Our architectureprovidesfor runtimereconfigurationa conceptexploredby mary reconfigurablecomputing
researctprojects,suchas Chimera[8]. This allows the cell programto be modified during execution. In our
architecturethe hostprocessocanwrite to theinstructionmemoryof eachcell in thefabric, permittingdynamic
reconfiguratiorattheinstructiongranularity

Our systemalsousesa local microcontroller giving eachnodethe ability to run a differentinstructionstream.
This concepthasbeenproposedn numerousgpreviousfabricarchitecturesincludingtheiWarp,andmorerecently
RAW [16]. The RAW microprocessochip comprisesa setof replicatedtiles. Eachtile containsa simpleRISC
processqgra small amountof configurablelogic and a portion of memaoryfor instructionsand data. Eachtile
hasassociateghrogrammableswitchwhich connectghetile in a wide-channepoint-to-pointinterconnect.This
architecturas estimatedo achieve performancdevels 10x-100xover workstationsor mary applications.

Onefinal conceptis the notion of systolicflow execution- thatis the ability to flow the datato the function
unitsfrom aninterconnectiometwork in additionto the traditionalmodeof fetchingoperandsrom memoryto
executein the functionunits. In the PACT architecturd?2], aflow graphis automaticallymappedo a processing
elementn thearray Here,the granularityof operationplaysa vital role in systemperformance PACT utilizesa
pre-definedunctionunit. In our system functionunit granularityis a parametepf the system allowing function
unitsto be customizedor an entire classof applications.In addition,we canaccomodat®thermodelssuchas
MIMD or SPMDin additionto systolicflow execution.

3 Fabric Architecture

Our fabric architectureis basedon a mesh-connectedonfigurablenetwork of runtime reconfigurablecells
connectedo a conventionalmicroprocessovia a systembus. The hostprocessosendghe programto thefabric;
it canalsosenddata. In addition, eachcell canaccesgdatain a local memoryandin a portion of the global
(host-accessiblenemory The hostcanresetthe fabric, send“start” and“stop” signalsto the fabric, and can
synchronizdo ary specificcell by testingthe cell’s internalstatusbit.



Fabric composed of 52 cells
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Figure 1. Layout of the Fabric and Cell

Eachcell hasits own micro-controller Thuscontrol of the fabricis distributed acrossall cells. Eachcell is
capableof conditionalexecution,allowing local eventsto be propagatedo othercells. The layout of the fabric
andarchitectureof acell is shavn in Figurel.

Certainparametersf thearchitecturearedefinedbeforefabricgenerationThesenclude

o thesizeof thenetwork

o thesizeof thecommunicatiorbusses

o thechoiceof functionalunit for a given classof applications
Otherparametersanbe modifiedduringfabricexecution. Theseinclude

o modificationto the cell’'s communicatiorpatternduring applicationexecution
e conditionalexecution

e conditionalreconfiguratiorof the cell’s memoryaccespatterns

4 Fabric Implementation

A referenceamplementatiorof this computingfabric hasbeencreatedon the Altera Excalitur ARM CSOC.
OurimplementatiorusesB-bit datapathsfor communicationn atwo-dimensionaimesh.Thisversatilecomputing
fabric supportsa variety of computingand communicationsalternatves. Cells on the outer meshbordercan
broadcasto othersontheborder Local nearesheighborcommunicationgacilitatessystoliccomputationsSince
eachcell hasits own programmemoryand control unit, MIMD computingis possible.If the sameprogramis
executedby all the cells, SPMD computingis accomplished.



Comrnunication inside of the Fabric
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Figure 2. Busses to Access Operands from Neighbor Cells or Memory
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Figure 3. Control Register Encoding for Operand Access Control

In additionto “traditional” parallelcomputingmodels the processorébric combinationenableseveralunique
communicatiorand computationmodes. The host processorcanwrite (read)datainto (from) ary cell’s local
memory allowing the hostto both setandobsenre cell internalmemory For synchronizationthe processocan
broadcasa startor stopsignalto thefabric,andcanmonitorary cell’s statusbit.

Eachsubsystenis describedn detailbelow.

4.1 Communication and AccessControl

The communicatiormoduleis responsibldor receving datafrom and sendingdatato the cell’'s immediate
neighborgn the interconnectiormesh. This moduleinteractswith a setof bussesassociatedavith nearesneigh-
bor communicationwith communicationof the “condition” bus; with memoryaccessandwith function unit
communicatior(seeFigure?2).

4.2 Function Units

The function unit performsoperationson two operands’A” and“B.” A three-bitcontrol word to an access
controlunit determineghe sourcefor eachoperandasshavn in Figure3.
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Figure 4. Function Unit 1: Optimized for Distance Calculation

In this modulararchitecture function units are designedor applicationclassesand canbe replacedwithout
affectingotheraspect®of thethefabric. In our experimentgo date we have designedwo differentfunctionunits,
shawvn in Figures4 and5. Within FunctionUnit 1, Functionl performsthe absolutevalueof the differenceof the
two input operandswhile Function2 cando oneof 6 differentoperationsasshavn in Figure6.

In FunctionUnit 2, Functionl performsa multiply, while Function2 cando oneof four differentoperations,
asshawvn in Figure 7. FunctionUnit 2 canbe configuredfor efficient DSP filtering operationswith a Multi-
ply/Accumulateconfiguration.

A Conditionmodulecompare®perand# andB, asshavn in Figure8.

4.3 Instruction Setand Controller

The microcontrollerexecutesinstructionsfrom the ProgramMemory The instructionset consistsof eight
instructions.

1. Configure. This instruction configuresthe Function1 unit into one of eight possibleoperationmodes.
It configuresthe condition unit into one of eight modes. It selectscommunicationsusses direction of
communicationdirectionof optionalmemoryaccessandwhetherthe function unit will operatein 8- or
16-bitmode.

2. Control. This instructiondirectswhetheror not the function unit performsan accumulatewhetheror not
to performa sequentiamemoryaccessgontrolswhich 8 bits of a 16 bit operandareto be accessedand
enabled/O to/from pipelinedcommunicatiorbussesaccordingto the communicatiorpatternestablished
by the Configureinstruction. The “wait count” field of the controlinstructionsenesa variety of functions.
It canbe usedfor looping: if aloop countfield is non-zero the instructionrepeatshe operation(suchas
accumulationjor thespecifiechumberof cycles. This canalsobeusedto synchronizesothatthecell waits
the specifiednumberof cyclesbeforecontinuingwith the next instruction.
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Figure 9. Instruction Set Encoding

3. Jump.Thisis theunconditionabranchinstructionto a 7-bit address.
4, ConditionalJump.A jumpis executedf the Conditionregisteris zero.

5. StartLoop. This instructionmarksthe beginning of a loop body A 7-bit loop countis includedin the
instruction.

6. EndLoop. Thisinstructionmarksthe endof theloop body If theloop counthasreachedzero,a branch
is executedto theaddressuppliedwithin theinstruction. The combinationof Controlwith Start/EndLoop
provide for two levels of nestedoop.

7. StopthenWait for Start. The purposeof this instructionis to stopcell execution,settingthe internalstatus
bit to 1; andwait for the next startsignalto arrive from thehostprocessorWhenthe startsignalis receved,
abranchis executedto the 7-bit addressuppliedwithin theinstruction,andthe statusbit changego O.

8. Reset.Thisinstructionselectvely resetghe specifiedfunctionunit internalregistersandthenwaitsa spec-
ified numberof cycles. As with the control instruction,the resetcanbe usedfor both looping aswell as
synchronization.

This instructionsetexposesthe microarchitecturef a fabric cell, and givesthe programmeicontrol over all
the communicationbusses,memory and function units. It is possiblewith this architectureto communicate
independentlyfrom computation. Thus, a cell can computeusinglocal memoryand at the sametime forward
datathroughtheinterconnectiometwork. The datadistribution patterncanbe dynamicallyreconfiguredvithout
affectingthe stateof computationln addition,thearchitecturgrovidesanoptimizedloop controlmechanisnfor
upto two nestedoops.If ahigherlevel of loop nestis desiredthe hostprocessomustcoordinatehe outerloops
usingthefabric start/stopmechanismThe instructionsetencodings shavn in Figure9.
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5 Excalibur ARM

Hybrid ConfigurableSystemon a Chip (CSOC)architecturefiave beenproposedover the pastseveral years
([12], [9], [13]). Recentlythesedeviceshave begunto appearascommercialofferings([1], [17]). In contrastto
traditional FPGAs,theseintegratedsystemsffer a processoandan arrayof configurabldogic cellson a single
chip. We have implementedan instanceof the generalcomputingfabric describedabose on the Altera Excalitur
ARM hybrid system[1. This chip containsanindustry-standardRM922T 32-bit RISC processocoreoperating
atupto 200MHz (equwvalentto 210DhrystoneMIPS). Thereis amemorymanagemeninit (MMU) includedfor
real-timeoperatingsystemsupport. This architecturebuilds uponfeaturesof the APEXT™ 20KE PLD, with up

Figure 10. ARM System Diagram

to 1M gates.The ARM portionof the Excalitur systemis diagrammedn Figure10.

In ourimplementationthefabricis seerby the processoasa slave module. Thefabricuses3-bit datapathsfor
communicatiorand 8-bit registers,with instructionsetsupportfor 16-bit function unit operations.With manual
placemernt, 52 cells using Function Unit 1 were instantiated(13 rows X 4 columns)on the Excalitur ARM
EPXA10F1020C2. Synthesisand Place/Routeesultsare summarizedn Figure 11. The clock frequeng for
FunctionUnit 1 is 29.17MHz, giving peakperformanceof 7.6GigaOps/sThe clock frequeng for the Function
Unit 2 fabricis 30.78MHz,with performancef upto 1.5GigaMAC/s.

!Placementlirectivesweregeneratedby ascript.



Clockpins 2
Fasti/o pins 0
Globalsignals 2
I/O pins 37
Logic elements 32131
ESBs 104/160(65%)
Macrocells 0
Flipflops 8788
FastRav interconnects 0/120(0%)
Maximumfan-out 3484
Maximumfan-outnode reset
Total fan-out 137997
Averagefan-out 4.1
ESBptermbits used 0/327680(0%)
ESBnon-CAM memorybitsused| 212992/ 327680( 65 % )
ESBCAM bits used 0/327680(0%)
Total ESBbits used 212992/ 327680( 65% )

Figure 11. Physical APEX resources used by Fabric

6 Example Application: Unsupervised Clustering

In this sectionwe describean algorithm mappedto the computingfabric. This algorithmis a populardata
mining technique unsupervisealustering,also called k-meansclustering. The purposeof the algorithmis to
classifya datasetinto a numberof classes Eachelementof the datasetis a vector Thisiterative algorithmhas
thefollowing steps:

1. RandomlyassigneachdataelementA[i] to oneof k classes
2. Computethe centersof theclasses
3. LoopoverthedatasetA

(a) LetC = classof A[i]
(b) DeterminetheclassnumberK which hasthe minimumdistanceto C
(c) if Cisnotequalto K, move pixel C to ClassK

4. Recomputehe centersof theclasseK andC

A reconfigurablehardware implementatiorof this algorithm hasbeenreportedin [4] and mappingto a hybrid
processofAltera Excalitur NIOS) in [5]. The key computeintensie kernelof this algorithmis distancecalcu-
lation betweena classcenterand a dataelement. We usethe distancemetric suggestedby [4], |A[i] — C]i]| to
approximatehe moretraditionalEuclideandistancemetric.

The fabric implementationof this algorithm parallelizesacrossclassesand usestwo cells for eachdistance
calculation(seeFigure12 at cell pairs(4, 3) and(6, 5)). Thefirst cell, locatedon the fabric periphery computes
the distanceusingthe absmeasure The valuefor the centeris storedin this cell's portion of the globalmemory
which is pre-initializedby the host. Cells 4 and6 in Figure 12 performthis calculation. The secondcell of the
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Figure 12. Data Flow and Computation on Cellular Array

pair compareghe distancesentfrom its eastneighborwith the distancefrom its southneighborand sendsthe

minimum of the two to its north neighbor It alsosendshe classnumberassociatedvith this minimumdistance
to its north neighbor Cell 3 doesthis computation.Cell 5, sinceit hasno southneighborsimply forwardsthe

computeddistancealongwith its classnumberfrom Cell 6 to its north neighboy Cell 3. The hostwrites a data

elementnto Cell 2, which broadcast# to all thecellsin its column. Cell 1 recevesthe classnumberassociated
with the minimumdistanceandstoresit in local memory from which locationthe hostreadsit back.

In the cellular implementationof this algorithm, therearefour differentprograms:Cells 1 and 2 have very
simpleprograms Cell 1 readghe dataeclementfrom local memoryandbroadcastso all cellsin the outercolumn.
Cell 2 recevesthe classnumberfrom its southneighborandwritesit to local memory The programdor Cells 1
and2 have 7 instructionseach.Cells4 and6 have a programto computethedistanceandforwardto thetheir west
neighbors.This programhas11 instructions.Cell 5, using10 instructions simply routesits distanceandclassto
its north neighbor Cell 3 computesa minimum andthenroutesthe appropriatecenterto its north neighbor In
orderto dothis, it mustchangats internalconfigurationto selecteitherthe southor eastcommunicatiorbus. This
programhas23instructions.

Thetimeto processa dataelemenibf lengthN (recalleachdataelements avector)andnumberof classedM is
givenasmax(N +6, M * 3+ 8) + M =3+ 8 clockcycles.Eachcell takes617 Logic Elementsand2 ESBs,sothat
onthe APEX20KC, it is possibleto fit 52 cells. In contrast,a directhardware implementatioron the Excalitur
ARM takesmax(N + 3, M + 1) + M + 1 clock cyclesanduses202 cellsandoneESB.

For valuesof N=224 and M=8, which are representaie of hyperspectralimagery the fabric andthe direct
implementationare roughly equalin performancewhile the cell usesabout3 timesthe areaof the directim-
plementation.Oneadwantageof the cell fabric approachs thatthe algorithmis written purelyin software, with
no hardware designand synthesisequired. Anotheradwantageis thatthe cells’ programsare representedery
compactlyascomparedo FPGA configurationssothatdynamicreconfiguratiorcanbeefficiently accomplished.
For examplethelargestof the cell programsoccupies38 bytes.



7 Conclusions

We have describedchcomputingfabricconsistingof aparameterizedellulararrayconnectedo ahostprocessor
The parameterizethatureof the architecturgermitsgeneratiorof the fabric for specificclassef applications.
This approachs madepossibleby the modulararchitectureof the proposedabiric.

A novel aspecf this fabricis the useof globalmemory This memorygivesthe hostprocesorandomaccess
to all variablesandinstructionson thefabric’s cells. The memorycanbeinitialized in thesameway asa standard
memoryin a computer Programsanddatacanbe dynamicallyloadedduring processingon the fabric because
the global memoryis dual ported. This reducesoverheadfor preparingthe dataand programs. The fabric can
reconfigurdtself during processingisingdatageneratediuring fabricexecution.

Two fabricinstanceshave beensynthesizean the Excalitur ARM. Eachcanhold up to 52 cells. The fabric
runsat29MHz, giving peakperformancef 7.6 GigaOps/sand1.5 GigaMACs/s.

An unsupervisealusteringalgorithm hasbeendemonstratedn the computingfabric. The implementation
shawvs approximateljthe sameperformancesa directhardwareimplementationput holdsfewer classes How-
everthefabricapproachrequiresno hardwaresynthesisut insteadusesa softwareprogram.
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